and . At the conclusion of the reactive flow simulation, the existence of a bidirectional flow is demonstrated and the spatial invariance of the so-called mantle (that separates inner and outer vortex regions) is discussed. The cold wall effect is clearly extrapolated from the temperature maps over the combustion chamber wall. At the nozzle exit, shock waves are detected due to over-expansion.
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FLOW-3D, and others. In the absence of a single infallible program, most codes in use today appear to be undergoing an evolutionary process through which incremental improvements are constantly incorporated for the purpose of meeting the ever rising challenges of thermofluid modeling. The current study constitutes one such example in which FLUENT is chosen to model the compressible and reactive field inside a bidirectional vortex engine. Referred to as CWBVC (Cold Wall Bidirectional Vortex Chamber), the main features of this engine are described by Fang, Majdalani and Chiaverini. 1 In essence, the internal CWBVC field comprises an inner (core, reactive) vortex region surrounded by an outer (annular, non-reactive) vortex separating the combusting gases from the wall.
2 Since the outer vortex is chiefly composed of gaseous oxidizer, it provides a cool thermal blanket that protects the wall by preventing contact with the combustion products which, by design, remain confined to the core region.
The complex motion attributed to the bidirectional vortex exhibits three-dimensionality, turbulence, and complex interactive effects of chemical combustion processes and heat transfer. The main purpose of the current investigation is to simulate the compressible CWBVC flowfield and use the results to corroborate experimental 3 and theoretical studies [4] [5] [6] carried out concurrently. This work constitutes an extension to the previous CWBVC simulation in which the flow was treated as incompressible. The CFD program 7 provides several models for handling reacting flows. These include 1) the generalized finite-rate model, 2) the non-premixed combustion model, 3) the premixed combustion model, 4) the partially premixed combustion model, and 5) the composition PDF transport model. To simulate the CWBVC combustion field, the second, namely, the non-premixed combustion model, is adopted here. Considering the small relative proportion of heat loss from the chamber, we assume no heat transfer to the surroundings; the resulting adiabatic non-premixed combustion model requires the building of an adiabatic Probability Density Function (PDF) table using the 'prePDF' module. 7 This information is then transferred from the PDF table into the CFD solver.
For the purpose of expediting the compressible flow simulation, a two-stage choked nozzle approach is used. A schematic of the two-stage choked nozzle model is provided in Fig. 1 . Knowing that the nozzle is choked at the throat, the CWBVC chamber is decomposed into two parts: one part extends from the head end to the nozzle throat (shown in Fig. 1a) ; the second part (Fig. 1b) continues from the nozzle throat to the nozzle exit plane. At first, the incompressible flow model is applied (with the divergent nozzle part truncated out). Once convergence of the incompressible Stage I solution is realized, compressibility is superimposed with the addition of the nozzle. This two stage simulation reduces CPU time and helps to precipitate convergence. Figure 2 illustrates the geometry used at the beginning of the reactive flow simulation. The surface boundary shows nine velocity-inlets (four radial inlets with 0.51 inch radii near the top for gaseous hydrogen (GH 2 ) injection, four tangential inlets with 0.555 inch radii near the bottom for gaseous oxygen (GO 2 ) injection, and one axial inlet with a 0.555 inch radius at the top for secondary GO 2 injection); the chamber is truncated at the bottom with a single outflow bearing a 0.25 inch outlet radius at the throat section. The chamber is 2 inches in length and 2 inches in diameter.
II. Choked Nozzle Stage I Simulation

A. Domain Size and Mesh Parameters
-2-American Institute of Aeronautics and Astronautics As usual, the grid is generated in GAMBIT. 7 To decrease the computational time, a Hex mesh is used wherever possible. To produce the Hex mesh, the total volume is decomposed into several parts and the mesh is generated separately for each volume. Figure 2 displays the resulting mesh along the chamber's outer surface. The geometric mesh along the chamber midsection is shown in Fig. 3 . This resolution is reproduced identically in the axial direction using the Copper mesh scheme; this particular type sweeps the mesh node patterns of specified source faces through the volume.
Following a grid sensitivity study with successive refinements, the final mesh adopted here comprises an approximate number of 161,084 nodes.
To examine the mesh quality, we refer to the quality-type specification, equiangle skew ( EAS Q ); this parameter is a normalized measure of skewness and is defined as max eq eq min EAS eq eq max , 180 Q θ θ θ θ θ θ 
Here max θ and min θ are the maximum and minimum angles (in degrees) between the edges of the element, and eq θ is the characteristic angle corresponding to an κ ε − As for the boundary conditions, nine velocity inlets and one outflow are defined with default interiors and walls. Five velocity inlets are set for GO 2 with an injection speed of 393 ft/sec; these include four tangential inlets at the bottom and one axial inlet at the top. The turbulent intensity and hydraulic diameter are set at 4.73% and 0.111 inch, respectively. Four velocity inlets are defined for GH 2 as it enters the chamber at 1,564 ft/sec in the negative radial direction. The turbulent intensity and hydraulic diameter are set at 5.05% and 0.102 inch, respectively. According to the experimental data and the data used for generating the PDF table, the operating pressure is set at 150 psi at the reference location ( . Following initialization, the code is executed on a P4 Pentium with a 3.0 GHz clock and 3GB of available 400 MHz RAM. After 3,298 iterations, the solution converges using the second-order upwind scheme. and 5b, we can observe an outer vortex spiraling toward the head end and an inner vortex spiraling toward the nozzle. The flow turning at the head end can also be observed. It should be noted that the pitch of the pathline shown in Fig. 5 changes across the chamber length. It is very small near the end walls and largest halfway across the chamber. This result is gratifying because it confirms the increase in swirl intensity near the end walls where fuel is injected. From a practical standpoint, it justifies the placement of fuel injection near the head end where mixing due to swirl is maximized. In fact, this numerical finding lends support to the conclusion reached in the theoretical study by Vyas, Majdalani and Details of the velocity character may be extrapolated from Fig. 6 where the axial, tangential, and radial velocity profiles are plotted at four equally spaced axial stations; profiles are located at ratios of 3 1 2 , , 4 4 4 and 1 of the chamber length measured from the base rather than the head end. At the head end, note that all three components of the velocity vanish, as they should, in fulfillment of the no slip and no flow penetration boundary conditions. Figure 6a confirms that the axial velocity vanishes not only at the sidewall, but also at an internal node where the flow switches polarity. The location of this internal point coincides with the position of the socalled "mantle" separating the inner vortex from the outer vortex. The latter occupies the annular region in which the primary oxidizer stream spirals around and up the wall. [4] [5] [6] It should also be noted that near the core of the chamber the total velocity is largest in magnitude. Because of the negative axial velocity injection from the top, the flow changes direction near the core, giving the spurious indication that multiple mantles are present.
By analogy with unidirectional flow studies involving swirling motions, one may anticipate a forced vortex in the core region where viscous effects become appreciable. This is confirmed in Fig. 6b which displays features that one may attribute to a forced vortex in the core region, and a free vortex in the outer region. Specifically, one may note the attenuation of the swirl velocity as one approaches the centerline. This result is in qualitative agreement with the explicit formulation obtained by Vyas, Majdalani and Chiaverini 5 where the forced vortex behavior is described. It is also interesting to note that the tangential velocity profile does not change significantly as one crosses from 1 4 to 3 4 of the chamber length. This behavior also confirms the widely used assumption of an axially independent swirl velocity away from the end walls. Such an assumption is actually necessary in deriving the analytical solution of the companion papers. [4] [5] [6] Figure 6c displays a characteristic plot of the radial velocity component. The profiles are distorted due to turbulence and asymmetries in mesh discretization. Specifically, the profile is negative from 0.7 to 1 everywhere except along the sidewall where forced vortex motion prevails. The negative radial velocity demonstrates that flow is always crossing from the outer, annular region to the inner, core vortex; it is instrumental in keeping the wall thermally shielded during combustion. The radial change in direction of -4-American Institute of Aeronautics and Astronautics the velocity is also effective in mixing the fuel and oxidizer which, in itself, is capable of promoting more efficient combustion. The presence of both positive and negative radial velocities (depending on the axial and radial location in the chamber) suggests the presence of toroidal recirculation zone(s) somewhere near the core. This constitutes an interesting result because of similar recirculation patterns that have been reported in coldflow vortex chambers. Recently, Anderson et al. 11, 12 saw evidence of this phenomenon in PIV cold-flow experiments; these were manifested by the presence of particle deposits on the faceplate. Such results are also corroborated through work discussed by Lewellen. 13, 14 In Fig. 6d , the absolute pressure is displayed. The relative small change in pressure beyond the operating value of 150 psi is due to the small chamber diameter (of 2 inches only) and the effect of chemical combustion and mixing which tend to promote a rather constant chamber pressure throughout the chamber. The pressure change is largest near the base and smallest near the head end where combustion takes place.
In Fig. 6e , the mantle location is plotted along the chamber length; it is shown to slightly deviate away from core in the direction of the sidewall as the head end is approached. By limiting our attention to the segment extending from 3 1 4 to 4 of the total length, we calculate a mantle location between 0.751 and 0.824 with an average value of 0.789 and a standard deviation of 0.023. This average increases to 0.797 when only the head-end quarter of the chamber is excluded. Considering the three dimensional injection of oxidizer and fuel that takes place near the head end, the location may be considered to be weakly sensitive to the distance along the chamber length. This result is in agreement with Smith 15 whose mantle measurements also appear to be weakly sensitive to the axial distance.
Along the entire chamber length, it may be surprising that, despite endwall effects and both endwall and sidewall injection, the average mantle location is only increased to 0.806 with a median of 0.805 and a standard deviation of 0.058. These results remain in fair agreement with the cold flow mantle prediction of 0.74 obtained previously using an incompressible flow simulation;
1 it may also be compared to the average value of 0.72 obtained experimentally by Smith 15 in his cylindrical (nonreactive) gas cyclone with flat base.
It is interesting that the minimum recorded position is 0.708, which nearly approximates the theoretically derived value of 1/ obtained by Vyas, Majdalani and Chiaverini. 4 Despite the presence of intense chemical reactions in the current simulation, it may be interesting to note that the overall gas motion is not significantly Figure 7 reports the PDF mean mixture fraction parameterized by using a beta-PDF. The PDF is the mixture fraction defined as the mass fraction of fuel in both burned and un-burned forms, and it is described in terms of two parameters: the mixture fraction and the square of fluctuations of mixture fraction (or square of variance of mixture fraction). From the figure we can observe that the elemental mass fraction of fuel is higher near the core and lower near the wall. Near the centerline, the elemental mass fraction of fuel has a small value because of secondary GO 2 injection. Figure 8 displays the static temperature distribution inside the chamber. It should be noted that the higher temperatures are confined to the core region of the combustion chamber; conversely, the temperatures near the wall are relatively low. The lowered wall temperature is caused by the cooling effect of the outer vortex which carries a chilled fluid. The lowest temperatures are observed near the base and the head end where the cool oxidizer and fuel are injected. The wall temperature has an average temperature of 1,810 K; it varies from 366 K to 2,420 K, with the maximum occurring near , right below the fuel injection port. The stagnation temperature obtained by CFD is approximately 3,400 K; it is in fair agreement with the theoretically calculated value of 3,300 K; the latter is obtained from a one-step global chemical reaction (see Appendix A). A similar agreement is also obtained in relation to the mass-weighed mean outlet temperature. At the nozzle throat, a CFD prediction of 3,003 K is obtained versus a value of 3,130 K estimated from compressible flow theory (see Appendix B). Fig. 8 , the region near the faceplate appears to be the most susceptible to heating. By way of compensation, design recommendations that may be suggested involve reorienting the fuel and secondary oxidizer injectors to cover more effectively the headend corners. Figure 9 displays the species distribution inside the combustion chamber. As shown in Fig. 9a , the mass fraction of 2 is largest near the wall. The attendant updraft protects the wall from overheating. Conversely, the mass fraction of 2 shown in Fig. 9b is highest near the head end. This observation justifies the use by Orbital Technologies Corporation (ORBITEC) of a secondary oxygen inlet at the center of the head end to protect the faceplate from thermal loading. As one may infer from Fig. 8 , the presence of secondary oxygen injection is required to blow the hydrogen-rich reactants away from the head-end wall. The unburned oxygen in Fig. 9a can be attributed to the high velocity at which the secondary GO 2 is injected from the top. Conversely, one may infer from the lower section of Fig. 9b that traces of unburned hydrogen do accompany the flue gases. This observation is consistent with the use of a fuel rich combustion, especially when the equivalence Mean T = 1800 K z/l Wall Temperature (K) Fig. 8 Maximum temperature distribution a) throughout the chamber and b) along the sidewall assuming adiabatic boundaries.
-6-American Institute of Aeronautics and Astronautics ratio is 1.33 and the mixture ratio is 6. The presence of unburned hydrogen can also be attributed to the high fuel and oxidizer speed at the injection ports (the inlet velocity of 2 is about 477 m/s and that of 2 is about 120 m/s) as well as the low temperature of the injectants (to be conservative, we use 363 K for GO 2 and 366 K for GH 2 in lieu of the boiling temperatures of 90.2 K for GO 2 and 20.3 K for GH 2 ). From Fig. 9c , one observes a high concentration of water vapor confined near the core; this explains, in part, why the temperature near the wall remains low in comparison to the core. Only traces of hot water vapor are visible near the wall. 
III. Choked Nozzle Stage II Modeling
A. Computational Domain and Mesh Parameters
During Stage II, the flow is modeled as compressible flow. To capture the compressibility effects, a 'big' computational domain, namely, one which is 15 times larger in each dimension than the object being modeled, is carefully constructed. The computational domain extends well beyond the nozzle itself, so that the domain boundary will not influence the problem unrealistically.
To decrease the computational effort, we assume axisymmetry so that only half of the geometric shape is needed. The essentially two-dimensional geometric mesh is created using GAMBIT and the corresponding computational domain is shown in Fig. 10 after mirroring the view about the centerline of the nozzle. The grid is packed near the wall to help in resolving the turbulent boundary layers. A high grid density is also used near the nozzle exit plane to capture local shocks and expansion waves.
B. Solver Parameters and Boundary Conditions
The coupled, implicit, axisymmetric, steady, absolute solver is chosen to solve the problem. The 'material' associated with the pressure-far-field -7-American Institute of Aeronautics and Astronautics boundary condition is defined as an ideal gas. Due to the high Reynolds number and the large pressure gradient inside the nozzle, the RNG turbulence model is used with the non-equilibrium wall function treatment to enhance the prediction of the wall shear and the corresponding heat transfer.
Four boundary conditions are employed: one pressure-inlet, one pressure-outlet, and one pressurefar-field with the default wall and interior. To define the boundary conditions, information from the output of Stage I is gathered. Here we assume complete combustion inside the vortex combustion chamber; accordingly, all reactants convert into . The output from Stage I is summarized in Table 1 .
For compressible flow calculations, the parameter of importance is the absolute pressure. For this simulation, the convergence tolerance is set at 0.001. To solve the problem, the first-order scheme is applied and its output used as an initial guess for the second-order solution. The problem is hence initialized and, after 1,556 iterations, the problem converges at the firstorder discretization. It requires 1,045 more iterations to reach convergence with the second-order scheme; but even at that time, the mass flow rate does not reach a constant value. To remedy this, we reduce the convergence criterion for continuity down to 0.0001. At the outset, the solution converges after 1,245 more iterations at which time the mass flow rate reaches a constant value as required by global mass conservation.
C. Computational Results and validation
The filled contours of static pressure distributions, Mach number, and temperature are shown in Figs. 11a, b and c, respectively.
From Fig. 11a , one may find that the static pressure contours decrease from the total value to a value lower than the ambient static condition. The pressure will continue to decrease until an oblique shock adjusts the pressure back to the ambient value. However, the flow after the shock will no longer be parallel to the axis. To deflect the flow back, another oblique shock is generated. The nozzle is operated at over-expanded Fig. 11b , the Mach number drops sharply after each shock. The temperature contours in Fig. 11c illustrate the static temperature drop downstream of the nozzle throat along with sporadic temperature jumps where shock waves are formed. Figure 12 displays the stagnation temperature along the nozzle wall and both static pressure and temperature along the nozzle axis. Along the nozzle centerline the static temperature is observed to decrease at a sharp rate spikes are noted, specifically, at the location of shock waves; these results confirm that, across a shock wave, the static temperature increases abruptly. The centerline pressure downstream of the nozzle exhibits similar trends. As one would expect, the sharp drop in wall stagnation temperature occurs in the nozzle exit plane. After exiting the chamber, 5 shocks are captured in our simulated far field. displayed by the tangential velocity. Such behavior is reported near the core in previous studies using numerical, theoretical and experimental tools. 2, 3 The reactive compressible simulation confirms the need to utilize secondary oxygen injection from the top to reduce thermal loading on the faceplate. Presently, the head-end corners appear to be the most susceptible to heating (in addition to the nozzle entrance region). The rest of the chamber displays much lower temperatures. Specifically, the steady-state temperature at the sidewall is shown to yield 1,800 K on average. This result corresponds to an approximate 1,600 K drop in temperature within a one inch radius.
D. Engine Performance
From a heat transfer point of thermal gradient may be deemed spectacular, especially that it corresponds to (a) adiabatic conditions, (b) very short radial distance between combustion products and wall surface, (c) steady, long term operation, and (d) conservative injection temperatures that are much larger than the boiling temperatures of both oxidizer and fuel. In practice, the engine is to be operated for much shorter durations, namely, for seconds or minutes; at the outset, one may clearly argue that, in actual operation, the wall temperature will never attain the conservative steady-state, adiabatic values simulated here. In fact, it may be argued that, despite our plethora of added restrictions, the overall reduction in chamber wall temperature remains quite impressive by any measure; this can be indubitably attributed to the constant presence of cool oxidizer in the annular region separating the combustion products from the wall. Other findings include our observations that:
• everywhere except in the nozzle. To model the nozzle properly, a c must be used in conjunction with a far field domain surrounding the nozzle. The PDF model is su combustion process. The use of a hex mesh CFD predictions and reduce time to convergence. The use of adiabatic wall boundary condition At this juncture, more work is required to estimate ortant performance parameters such as the torque ted by the accelerated gases on the nozzle and thrust/specific impulse for increasing mass flow rate. In future work, we plan to complete a fully compressible and dynamic flow simulation that can capture the temporal evolution of the wall temperature.
Appendix A
that predicted th For the Cold-Wall Vortex Combustion Chamber, the mixture ratio is set at 6. Forthwith, the equivalence ratio can be determined from 
where H is the enthalpy and the subscript 'ad' stands Equation (A7) can be express y expanding for adiabatic.
ed in further detail b
